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HIGHLIGHTS 


•  Double-layered  Ti02  flower-rod  structure  was  directly  grown  on  FTO  glass. 

•  A  possible  formation  mechanism  of  this  Ti02  flower-rod  architecture  was  proposed. 

•  This  Ti02  architecture  was  used  in  CdSe/CdS  co-sensitized  solar  cell. 

•  The  efficiency  was  significantly  enhanced  with  CdSe/CdS/Ti02  flower-rod  electrode. 
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A  hierarchical  double-layered  Ti02  flower-rod  structure  composed  of  three-dimensional  (3D)  Ti02 
flowers  and  one-dimensional  (ID)  nanorods  on  transparent  fluorine-doped  tin  oxide  (FTO)  conducting 
glass  has  been  synthesized  by  a  facile  hydrothermal  method.  The  possible  formation  mechanism  of  the 
hierarchical  architecture  is  also  proposed.  When  used  in  CdSe/CdS  quantum  dots  co-sensitized  solar  cells 
(QDSSCs),  the  ID  ordered  rutile  nanorods  at  bottom  can  accelerate  the  electron  transfer  rate  by  providing 
direct  electrical  pathway  for  photogenerated  electrons,  while  the  3D  flowers  formed  on  the  top  of 
nanorods  can  increase  the  adsorption  of  QDs  due  to  the  enlarged  areas,  and  can  also  be  used  as  a 
scattering  layer.  The  performance  of  the  CdSe/CdS/Ti02  flower-rod  solar  cell  can  achieve  a  short-circuit 
current  density  (Jsc)  of  13.46  mA  cm-2,  and  a  open-circuit  voltage  ( V0c)  of  0.42  V,  with  a  maximum  power 
conversion  efficiency  of  2.31%  under  one  sun  illumination  (AM  1.5  G,  100  mW  cm-2),  which  is  greatly 
higher  than  that  of  CdSe/CdS/Ti02  nanorod  solar  cell  (1.63%). 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nanostructured  titanium  dioxide  (Ti02)  is  an  important  material 
which  is  widely  applied  in  areas  related  to  photoelectrolysis,  pho¬ 
tocatalysis,  gas  sensing,  photovoltaic  devices,  etc  [1—5  .  Nano¬ 
structured  Ti02  was  usually  used  as  photoanode  substrate  for 
quantum  dots  sensitized  solar  cells  (QDSSCs)  because  of  its  several 
advantages,  such  as  suitable  conduction  band  position,  stable 
chemical  and  physical  properties,  and  inexpensive  cost  [6,7].  Up  to 
now,  nanostructured  Ti02  with  various  morphologies  has  been 
synthesized,  such  as  nanoparticles,  nanorods,  nanotubes,  and  so  on 
[8-10].  Recently,  several  works  have  been  done  on  the  3D  struc¬ 
tural  Ti02  which  based  on  ID  rutile  nanorod  [11,12  ,  but  seldom 
researches  have  been  reported  on  the  formation  of  double-layered 
hierarchical  Ti02  nanostructures,  which  consisted  of  ID  rutile  Ti02 
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nanorods  and  3D  Ti02  flowers.  The  photoelectrochemical  proper¬ 
ties  of  Ti02,  especially  in  sensitized-solar  cells,  can  be  improved 
with  formation  of  double-layered  Ti02  structure.  Previous  research 
work  reported  by  Ho  et  al.  [13]  have  revealed  that  an  enhanced 
performance  of  dye-sensitized  solar  cell  can  be  obtained  with 
double-layered  metal-based  flexible  Ti02  photoanode  which  con¬ 
sisted  of  Ti02  nanotubes  and  Ti02  nanoparticles  as  the  underlayer 
and  overlayer,  respectively.  In  addition,  our  group  has  reported  that 
free-standing  Ti02  nanowire/nanotube  (NW/NT)  structure  applied 
in  QDSSCs  is  also  favorable  for  the  enhancement  of  photovoltaic 
performance  [14  .  However,  multiple  steps  are  involved  in  the 
fabrication  of  this  kind  of  free-standing  Ti02  NW/NT  photoanode, 
which  increases  the  complexity  of  the  operation.  Moreover,  hier¬ 
archical  Ti02  flower-rod  structure  which  prepared  by  one-step 
hydrothermal,  recently  reported  by  our  group,  as  photoanode  in 
Mn-doped  CdS  QDSSCs  has  an  important  effect  on  the  improve¬ 
ment  of  solar  cell  performance  15].  Hence,  the  hierarchical  Ti02 
flower-rod  film  on  transparent  FTO  glass  which  prepared  with  easy 
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fabrication  process  may  show  potential  value  in  CdSe/CdS  co¬ 
sensitized  solar  cell.  In  QDSSCs  based  on  hierarchical  Ti02  flower- 
rod  architecture,  ID  nanorods  can  offer  direct  electronic  pathway, 
accelerating  the  electrons  transfer  rate  and  reducing  recombination 
of  electrons  and  holes  [16-19];  meanwhile  3D  Ti02  flowers  can 
provide  the  increased  surface  areas,  leading  to  more  adsorption  of 
QDs  and  more  light  absorption.  Furthermore,  3D  Ti02  flowers  can 
also  be  used  as  a  scattering  layer  to  enhance  the  light  harvesting 
and  improve  the  performance  of  QDSSCs. 

Various  narrow-band-gap  semiconductors  quantum  dots  such 
as  CdS,  CdSe,  PbS,  PbSe  and  InP  are  commonly  used  as  sensitizers  in 
QDSSCs  [20-23]  due  to  their  several  attractive  characteristics,  such 
as  the  tunable  band  gap,  high  extinction  coefficients,  large  intrinsic 
dipole  moments,  multiple  excitons  generation  (MEG),  and  hot 
electron  injection  24-26  .  Among  these  semiconductor  QDs,  CdS 
and  CdSe  have  been  paid  much  attention  due  to  their  appropriate 
band  gap  of  2.25  eV  and  1.70  eV  in  bulk,  respectively,  which  can 
allow  the  extension  of  absorption  band  to  the  visible  region  and 
show  better  performance  in  light  harvesting  under  visible  region 
[27].  Comparing  these  two  kinds  of  QDs,  CdS  has  a  higher  con¬ 
duction  band  edge  with  respect  toTiC>2  [28  ,  which  is  advantageous 
to  the  injection  of  excited  electrons  from  conduction  band  of  CdS, 
resulting  in  high  charges  separation  efficiency.  Nevertheless,  the 
band  gap  of  CdS  (2.25  eV  in  bulk)  determines  its  maximum  ab¬ 
sorption  range  can  only  reach  to  approximately  550  nm,  which 
means  that  a  small  portion  of  visible  light  can  be  utilized  to  produce 
photoexcited  electrons.  On  the  contrary,  expanding  the  absorption 
edge  close  to  730  nm  can  be  obtained  with  CdSe,  but  with  a  lower 
electron  injection  efficiency  than  CdS  due  to  its  conduction  band 
edge  is  located  below  the  conduction  band  of  Ti02  [28  .  To  incor¬ 
porate  both  the  advantages  of  these  two  kinds  of  materials,  CdS  and 
CdSe  were  usually  used  as  co-sensitizers.  The  co-sensitized  struc¬ 
ture  of  CdS  and  CdSe  has  been  proved  to  be  advantageous  over 
single  CdS  or  CdSe  in  QDSSCs  [29].  Currently,  three  methods  are 
commonly  used  in  the  deposition  of  QDs  on  Ti02:  (i)  in  situ  growth 
of  QDs  by  chemical  bath  deposition  (CBD)  or  successive  ionic  layer 
adsorption  and  reaction  (SILAR)  [30],  (ii)  assemble  of  presynthe¬ 
sized  colloidal  QDs  with  linker  molecules  [31  ,  (iii)  deposition  of 
QDs  by  electrochemical  atomic  layer  deposition  (EC-ALD)  method 
[32,33].  Among  these  methods,  the  CBD  is  the  most  widely  used 
method  due  to  the  direct  contact,  high  coverage  of  QDs  on  Ti02 
surface,  and  facile  preparation  process.  Therefore,  the  CBD 
approach  has  been  adopted  to  sensitize  CdSe/CdS  QDs  on  TiC>2  film 
in  this  work. 

In  this  study,  a  hierarchical  double-layered  Ti02  flower-rod 
structure  film  on  FTO  glass  was  successfully  fabricated  by  a  facile 
hydrothermal  method  and  was  decorated  with  coupled  QDs  (CdS 
and  CdSe)  through  in  situ  chemical  bath  deposition  (CBD)  to  form  a 
photoanode  which  can  be  directly  illuminated  in  QDSSCs.  The 
CdSe/CdS/Ti02  flower-rod  solar  cell  exhibited  much  better  perfor¬ 
mance  than  the  QDSSCs  based  on  CdSe/CdS/Ti02  nanorod,  CdS/Ti02 
flower-rod,  and  CdSe/Ti02  flower-rod  photoanodes.  This  kind  of 
CdSe/CdS  co-sensitized  solar  cell  based  on  double-layered  Ti02 
flower-rod  substrate  provides  a  novel  strategy  to  construct  QDSSCs. 

2.  Experimental 

2.2.  Materials 

Titanium  butoxide  (Ti(OC4Hg)4),  concentrated  hydrochloric  acid 
(HC1,  36.5-38  wt%),  sodium  chloride  (NaCl),  cadmium  nitrate 
(Cd(N03)2-4H20),  sodium  sulfide  (Na2S-9H20),  selenium  powder 
(Se),  sodium  sulfite  (Na2S03),  sulfur  powder  (S),  potassium  chloride 
(KCl)  and  chloroplatinic  acid  (H2PtCl6-6H20)  were  purchased  from 
Tianjin  Chemical  Reagents  Co.  Ltd.  All  the  chemicals  are  of  analytic 


grade  and  used  directly  in  experiments  without  further  purifica¬ 
tion.  Deionized  water  (DI  water,  resistivity  of  18.2  MQ  cm)  was 
obtained  from  MilliQ  ultra-pure  water  system  (Millipore,  USA). 

2.2.  Preparation  of  hierarchical  double-layered  TiC>2  flower-rod 
substrates 

Hierarchical  double-layered  Ti02  flower-rod  film  on  FTO  glass 
was  prepared  by  a  facile  hydrothermal  process  which  is  summarized 
in  Supplementary  information  (Fig.  SI  a-c),  details  of  the  fabrication 
steps  is  similar  to  that  described  by  Liu  and  Aydil  [34].  Typically, 
Fluorine-doped  tin  dioxide  (FTO)  conducting  glasses  were  thor¬ 
oughly  cleaned  by  sonication  in  a  mixed  solution  of  DI  water, 
acetone,  and  isopropanol  (volume  ratios  of  1 :  1 :  1 )  for  30  min,  and 
finally  dried  in  air.  Then  the  well-cleaned  FTO  conducting  glass  was 
transferred  to  the  Teflon-lined  stainless  steel  autoclave  at  an  angle 
against  the  wall  of  the  Teflon-liner  with  the  conductive  side  facing 
up  (Fig.  SI  a).  Subsequently,  a  transparent  mixed  solution  consisted 
of  25  ml  of  DI  water,  30  ml  of  concentrated  hydrochloric  acid,  5  ml  of 
saturated  NaCl  aqueous  solution  and  1  ml  of  titanium  butoxide  was 
added  into  the  Teflon-lined  stainless  steel  autoclave,  filling  the  80% 
volume  of  the  autoclave.  Following  this  step,  the  hydrothermal 
synthesis  reaction  was  conducted  at  the  temperature  of  150  °C  for 
12  h  in  an  electric  oven  to  form  double-layered  Ti02  flower-rod  film 
(Fig.  Sib).  After  the  completion  of  the  hydrothermal  reaction,  the 
autoclave  was  cooled  to  room  temperature  under  flowing  water  and 
the  product  was  taken  out,  rinsed  thoroughly  with  DI  water  and 
ethanol  respectively.  Finally,  the  product  was  dried  in  ambient  air 
waiting  to  be  sensitized  with  QDs  (Fig.  Sic).  As  a  control,  the  well- 
cleaned  FTO  glass  was  put  into  the  autoclave  with  the  conductive 
side  facing  down  under  the  identical  reaction  condition  to  obtain 
Ti02  nanorod  arrays. 

2.3.  Hierarchical  Ti02  flower-rod  sensitized  with  CdS  and  CdSe  QDs 

In  situ  chemical  bath  deposition  (CBD)  is  used  to  assemble  CdS 
and  CdSe  onto  a  Ti02  flower-rod  film  to  form  CdSe/CdS/Ti02 
structure  (see  the  Supplementary  information,  Fig.  Sid).  For 

sensitization  of  CdS  QDs,  the  CBD  method  resembles  the  procedure 
described  in  a  previous  paper  35  .  Typically,  a  TiC>2  flower-rod  film 
was  dipped  into  a  0.1  M  Cd(NC>3)2  ethanol  solution  for  5  min,  to 
allow  Cd2+  ions  to  adsorb  over  TiC>2  flower-rod  structure,  and 
rinsed  with  ethanol  to  remove  the  excess  Cd2+  ions,  then  dipped  for 
another  5  min  into  a  0.1  M  Na2S  methanol  solution  to  allow  S2_  to 
react  with  the  Cd2+,  leading  to  the  formation  of  CdS,  and  rinsed 
again  with  methanol.  The  two-step  dipping  procedure  is  termed  as 
one  CBD  cycle,  and  the  incorporated  amount  of  CdS  can  be 
increased  by  repeating  the  assembly  cycles.  For  CdSe  QDs,  sodium 
selenosulphate  (Na2SeS03)  aqueous  solution  which  was  prepared 
by  refluxing  0.3  M  Se  in  0.6  M  Na2S03  at  90  °C  for  about  6  h  is  used 
as  the  Se  source  for  CBD.  The  CBD  process  of  CdSe  is  similar  to  that 
of  CdS  but  a  longer  time  (15  min)  is  required  for  dipping  the  sample 
in  the  Na2SeSC>3  solution.  The  sensitization  process  is  shown  as 
follows: 

Ti02-^Cd2+/Ti02  -*•  Wash-^CdS/Ti02  —Wash  (1) 

CdS/Ti02-^Cd2+/CdS/Ti02 

2 \  J 

-  Wash^^CdSe/CdS/Ti02  -  Wash 

The  CdSe/CdS  co-sensitized  Ti02  flower-rod  electrodes  were 
prepared  with  several  CBD  cycles  to  investigate  the  optimal  com¬ 
bination  of  CdSe  and  CdS. 
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Fig.  1.  FE-SEM  images  of  Ti02  flower-rod  grown  on  FTO  glass  at  150  °C  for  (a)  0  h;  (b)  4  h;  (c)  8  h;  and  (d)  12  h.  (e)  Top  view  of  the  magnified  Ti02  flower-rod  and  (f)  magnified  view 
of  flower;  (g)  cross-sectional  view  of  Ti02  flower-rod  and  (h)  magnified  view  of  (g). 
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2.4.  Solar  cell  fabrication  and  photovoltaic  measurements 

The  QDSSCs  were  assembled  in  a  sandwich-type  fashion  with 
the  Surlyn  film  of  60  pm  thickness  as  spacer  between  QD-sensitized 
Ti02  flower-rod  photoanodes  and  Pt  coated  FTO  counter  electrodes, 
as  depicted  in  the  Supplementary  information  (Fig.  Sle).  Platinized 
counter  electrodes  were  prepared  by  thermal  decomposition  of 
H2PtCl6  solution  (5  mM  in  isopropanol)  dropped  onto  FTO  glass  at 
400  °C  for  15  min.  The  polysulfide  redox  electrolyte,  containing 
0.6  M  Na2S,  0.2  M  S  and  0.2  M  KC1  36]  in  the  co-solvent  of  water 
and  methanol  with  volume  ratio  of  7:3,  in  which  the  S2-  works  as 
holes  scavenger  [37  ,  was  injected  into  the  solar  cell  through  the 
predrilled  hole  on  the  counter  electrode.  Finally,  the  drilled  hole 
was  sealed.  The  purpose  of  using  co-solvent  is  to  decrease  the 
surface  tension  of  the  electrolyte  solution,  which  is  favorable  for  the 
penetration  of  the  electrolyte  into  the  TiC>2  film  [38  . 

The  photocurrent  density-voltage  (J—V)  properties  of  the 
QDSSCs  were  obtained  under  illumination  with  sunlight  simulator 
at  AM  1.5  G  (100  mW  cm'2)  condition.  The  illuminated  area  of  all 
the  QDSSCs  was  fixed  to  0.16  cm2  by  covering  a  mask.  The  incident 
photon  to  current  conversion  efficiency  (IPCE)  as  a  function  of 
wavelength  was  monitored  by  employing  a  monochromator  to 
select  the  illumination  wavelength,  a  500  W  xenon  arc  lamp  (Oriel) 
served  as  a  light  source. 

2.5.  Characterization 

The  crystal  phases  of  the  samples  were  characterized  by  X-ray 
diffraction  (XRD),  in  a  20  range  from  10°  to  90°,  using  CuKa  radi¬ 
ation  (A  =  1.5416  A).  The  morphologies  and  lattice  structures  of  the 
samples  were  examined  with  field-emission  scanning  electron 
microscope  (FE-SEM,  Nanosem  430  FEI,  USA),  transmission  electron 
microscopy  (TEM,  Tecnai  G2  F20  FEI,  USA),  high-resolution  TEM 
(HR-TEM)  and  selected  area  electron  diffraction  (SAED).  To  prepare 
TEM  sample,  the  QDs  sensitized  Ti02  flower-rod  film  scraped  from 
the  FTO  glass  was  dispersed  in  ethanol  and  sonicated,  then  a  few 
drops  of  the  solution  were  dropped  onto  a  carbon  film  supported 
copper  grid.  The  elemental  compositions  of  the  samples  were 
analyzed  by  energy  dispersive  spectroscopy  (EDS).  The  optical  ab¬ 
sorption  spectra  of  bare  Ti02  flower-rod  and  QD-sensitized  Ti02 
flower-rod  electrodes  were  recorded  in  the  range  from  250  to 
800  nm  by  UV-vis  spectrometer.  Nitrogen  adsorption-desorption 
isotherm  and  BET  surface  area  analysis  were  obtained  using 
Micromeritics  ASAP  2020. 

3.  Results  and  discussion 

3.1.  The  formation  of  hierarchical  Ti02  flower-rod  structure 

The  hierarchical  double-layered  TiC>2  flower-rod  film  directly 
grown  on  FTO  glass  has  been  synthesized  using  a  facile  hydro- 
thermal  method  with  the  conductive  side  facing  up.  Morphologies 
of  this  Ti02  flower-rod  have  been  recorded  by  field-emission 
scanning  electron  microscope  (FE-SEM).  Fig.  la  and  b  are  FE-SEM 
images  of  the  FTO  glass  and  the  Ti02  architecture  grown  at 
150  °C  for  4  h,  respectively.  It  can  be  clearly  seen  that  the  surface  of 
the  FTO  glass  is  covered  sparsely  with  Ti02  nanorods  after  4  h  of 
hydrothermal  reaction  (Fig.  lb),  indicating  that  Ti02  nanorods  are 
firstly  formed  at  the  initial  stage  of  hydrothermal  reaction.  The 
diameter  of  the  formed  Ti02  nanorods  is  small,  and  the  nanorod 
arrays  have  not  fully  covered  the  entire  surface  of  FTO  glass  due  to 
the  insufficient  reaction  time.  As  presented  in  Fig.  lb,  some  bare 
FTO  glass  still  can  be  observed  after  4  h  of  hydrothermal  reaction. 
Fig.  lc  shows  the  top  view  of  Ti02  architecture  grown  for  8  h,  it  can 
be  seen  that  parts  of  the  flower  are  formed  on  the  top  of  the 


nanorods,  providing  the  proof  of  the  formation  of  hierarchical  Ti02 
flower-rod  structure.  With  the  proceeding  of  the  hydrothermal 
reaction,  more  Ti02  flowers  can  be  formed  on  the  top  of  Ti02 
nanorods  as  shown  in  Fig.  Id. 

Fig.  le  shows  the  typical  morphology  of  double-layered  Ti02 
flower-rod  structure.  It  reveals  that  the  hierarchical  architecture  is 
constructed  with  two  parts:  one  is  3D  flower  on  the  top  and  the 
other  is  ID  nanorod  arrays  at  the  bottom.  In  addition,  it  can  also  be 
seen  that  the  3D  flower  is  composed  of  radially  packed  ID  nano¬ 
rods,  which  numerous  nanorods  extended  outside,  and  became 
gradually  compact  inside,  meaning  that  the  flowers  may  be  formed 
from  the  aggregation  of  Ti02  nanorods.  Obviously,  this  open 
structure  can  enlarge  the  surface  area  of  the  Ti02  film  and  enhance 
the  QDs  loading.  Fig.  If  is  the  magnified  view  of  Ti02  flower, 
showing  that  the  nanorods  that  constitute  the  3D  flower  are  in 
tetragonal  shape  with  square  top  facets,  which  reveals  the  typical 
growth  habit  of  the  tetragonal  crystal  structure.  The  cross-sectional 
image  of  double-layered  Ti02  flower- rod  is  shown  in  Fig.  Ig,  it  can 
be  clearly  seen  that  the  3D  Ti02  flower  is  on  the  top  of  ID  Ti02 
nanorod  arrays.  The  well-aligned  ID  nanorods  as  the  bottom  layer 
are  nearly  vertically  grown  on  the  FTO  glass  (see  the 
Supplementary  information,  Fig.  S2).  Fig.  lh  is  the  magnified  view 
of  Fig.  lg,  which  provides  another  evidence  for  the  formation  of 
Ti02  flower  on  the  top  of  nanorods  layer.  In  addition,  only  single¬ 
layered  Ti02  nanorod  arrays  on  FTO  glass  has  also  been  fabricated 
under  the  identical  hydrothermal  reaction  condition  with  the 
conductive  side  of  FTO  glass  facing  down.  These  Ti02  nanorods  are 
highly  ordered  and  nearly  perpendicular  to  the  FTO  substrate  (see 
the  Supplementary  information,  Fig.  S3). 

Although  the  reason  leads  to  the  formation  of  hierarchical  Ti02 
flower-rod  is  not  very  clear  to  us,  a  possible  formation  mechanism 
of  the  Ti02  flower-rod  based  on  random  aggregation  of  regrowth 
nanorods  is  proposed,  which  is  illustrated  in  Fig.  2.  The  formation  of 
the  hierarchical  TO2  architecture  may  experience  several  stages 
during  the  hydrothermal  reaction  including  growth  of  nanorods 
underlayer,  part  dissolution  of  nanorods,  and  aggregation  of  the 
random  regrowth  nanorods  on  the  top  of  nanorods  layer.  Initially, 
titania  nucleus  were  formed  on  the  surface  of  the  FTO  glass  due  to 
the  slow  hydrolysis  of  Ti(OC4Hg)4  in  the  acidic  solution.  At  the  same 
time,  the  adsorption  of  Cl-  provided  by  saturated  NaCl  on  the  nu¬ 
cleus  favors  its  anisotropic  growth  to  form  ID  nanorods.  The 
chemical  reaction  can  be  described  as  follows  [11,12]. 

Ti4+  +  nH20— Ti(OH)4_n  +  nH+  (3) 

Ti(OH)4~n  — Ti(IV)  oxo  species— Ti02  (4) 

The  Ti(IV)  oxo  species  is  assumed  to  be  an  intermediate  between 
Ti02+  and  TiC>2,  consisting  of  partly  dehydrated  polymeric  Ti(IV) 
hydroxide  [39  .  The  acid  condition  could  slow  down  the  hydrolysis 
reaction  of  Ti(OC4Hg)4  by  providing  free  H+  as  present  in  reaction 
(3),  which  is  necessary  for  the  growth  of  oriented  1 D  Ti02  nanorods. 
Meanwhile,  Cl-  could  preferentially  adsorb  on  rutile  (110)  plane 
and  retard  the  growth  rate  of  (110)  surface,  which  will  facilitate  the 
anisotropic  growth  of  rutile  nanorods  along  [001]  orientation 
[40,41  .  The  growth  of  nanorods  are  well  oriented  and  nearly 
perpendicular  to  the  substrate.  With  the  extension  of  the  hydro- 
thermal  reaction  time,  the  crystal  growth  rate  starts  to  decrease, 
and  part  of  the  crystals  may  begin  to  dissolve  to  form  the  Ti(IV)  oxo 
species  again.  At  the  same  time,  the  Ti(IV)  oxo  species  would  diffuse 
to  the  solution  and  provide  conditions  for  the  random  regrowth  of 
nanorods.  Subsequently,  with  the  reaction  proceeds,  the  supersat¬ 
uration  of  Ti(IV)  oxo  species  gradually  reduced.  From  the  kinetics 
viewpoint  of  crystal  growth,  low  degree  of  supersaturation 
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Fig.  2.  The  formation  process  of  the  hierarchical  Ti02  flower-rod  structure. 


promoted  the  formation  of  rutile  nanorod  aggregated  objects  12], 
hence  the  random  regrowth  of  the  nanorods  are  inclined  to 
aggregate  to  form  the  core  of  the  flowers.  As  the  hydrothermal 
reaction  further  prolonging,  these  aggregated  nanorods  would 
develop  bigger,  leading  to  the  formation  of  flowers  and  randomly 
aggregated  on  the  top  of  formed  nanorods  layer.  Finally,  the 
double-layered  Ti02  flower-rod  structure  is  obtained  by  this  hy¬ 
drothermal  method. 

The  crystal  phases  of  the  FTO  glass  and  Ti02  flower-rod  elec¬ 
trodes  have  been  characterized  by  X-ray  diffraction  (XRD),  which  is 
shown  in  the  Supplementary  information  (Fig.  S4).  It  is  worth 
noting  that  all  the  characteristic  peaks  of  Ti02  flower-rod  in  the 
XRD  patterns  can  be  indexed  to  the  tetragonal  rutile  phase  of  Ti02 
(JCPDS  no.  21-1276),  and  the  FTO  glass  also  shows  rutile  structure 
(JCPDS  no.  41-1445).  The  small  lattice  mismatch  between  FTO  glass 
and  rutile  Ti02  makes  it  possible  to  grow  Ti02  flower-rod  on  FTO 
glass.  The  sharpness  of  the  diffraction  peaks  implies  a  high  crys¬ 
tallinity  of  the  Ti02  flower-rod  film.  Compared  with  the  other 
diffraction  peaks  in  XRD  patterns  of  the  as-prepared  Ti02  flower- 
rod,  the  enhanced  (002)  peak  indicates  that  the  hierarchical  Ti02 
architecture  is  highly  oriented  with  respect  to  the  substrate  surface 


Fig.  3.  N2  adsorption-desorption  isotherm  of  the  as-prepared  Ti02  flower-rod.  The 
inset  shows  the  pore  size  distributions  calculated  using  the  BJH  method. 


and  grow  along  the  [001  ]  direction  with  the  growth  axis  parallel  to 
the  substrate  surface. 

The  mesoporous  nature  of  the  Ti02  flower-rod  has  been  quan¬ 
tified  with  N2  adsorption-desorption  measurements  and  the  cor¬ 
responding  pore  size  distribution  is  shown  in  Fig.  3.  The  estimated 
pore  volume  of  the  Ti02  flower-rod  is  0.1951  cm3  g_1.  The  pore  size 
distribution,  as  shown  in  the  inset  of  Fig.  3,  shows  a  range  between 
5  and  35  nm,  and  the  average  pore  diameter  is  calculated  by  BJH 
method  to  be  26.3  nm.  The  BET  surface  area  of  28.8891  m2  g-1  is 
obtained  with  the  Ti02  flower-rod,  which  is  higher  than  that  of  Ti02 
nanorod  (19.7655  m2  g-1).  The  increased  BET  surface  area  of  the 
TiC>2  flower-rod  indicates  that  more  QDs  can  be  adsorbed  on  to  the 
surface  of  the  TiC>2  flower-rod,  which  may  be  favorable  for 
improving  the  performance  of  QDSSCs. 

3.2.  Characterization  of  CdSe/CdS/Ti02  flower-rod  structure 

Fig.  4  shows  FE-SEM  images  of  bare  Ti02  flower-rod  and  CdSe/ 
CdS/Ti02  flower-rod  structures  as  well  as  their  respective  elemental 
composition.  As  shown  in  Fig.  4a,  the  bare  Ti02  flower-rod  exhibits 
a  smooth  surface.  The  elemental  composition  analysis  of  Ti02 
flower-rod  from  EDS  in  Fig.  4b  shows  that  Ti  and  O  are  dominant 
elements,  confirming  that  the  composition  of  this  hierarchical 
structure  was  mainly  composed  of  TiC>2.  Other  elements  including 
Si  and  Sn  come  from  FTO  glass  can  also  be  identified  by  EDS,  but  in  a 
relatively  low  level.  After  sensitization  with  CdS  and  CdSe  nano¬ 
crystals,  the  surface  of  TO2  flower- rod  became  rougher  than  that  of 
bare  Ti02  flower-rod  as  shown  in  Fig.  4c,  which  means  that  the  QDs 
have  been  successfully  deposited  on  the  surface  of  the  Ti02  flower- 
rod  after  CBD.  Fig.  4d  is  the  higher  magnification  image  of  QD- 
sensitized  Ti02  flower-rod.  It  can  be  seen  that  small  nanoparticles 
are  distributed  on  the  top  of  Ti02  flower  and  the  surface  of  each 
nanorod  that  constituted  the  Ti02  flower.  In  Fig.  4e,  the  appearance 
of  characteristic  peaks  of  S,  Se,  and  Cd  in  the  EDS  of  QD-sensitized 
TiC>2  flower-rod  confirms  that  CdS  and  CdSe  QDs  are  successfully 
assembled  on  the  TiC>2  flower-rod. 

The  detailed  microscopic  characterization  of  the  CdSe/CdS/Ti02 
flower-rod  has  been  performed  by  transmission  electron  micro¬ 
scope  (TEM),  high-resolution  TEM  (HR-TEM),  and  selected  area 
electron  diffraction  (SAED).  Fig.  5a  is  the  typical  TEM  image  of  the 
CdSe/CdS/TiC>2  flower-rod  unit,  it  can  be  seen  clearly  that  the  sur¬ 
face  of  the  flower-rod  unit  is  covered  by  CdSe/CdS,  which  could 
further  confirm  that  CdSe/CdS  have  been  successfully  deposited  on 
TiC>2.  From  the  apparent  spot  diffraction  patterns  shown  in  Fig.  5b, 
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Fig.  4.  (a)  Morphology  of  bare  Ti02  flower-rod;  (b)  EDS  spectra  of  the  corresponding  structure,  (c)  Morphology  of  CdSe/CdS/Ti02  flower-rod  at  low  magnification  and  (d)  at  high 
magnification;  (e)  EDS  spectra  of  CdSe/CdS/Ti02  flower-rod. 


it  can  be  observed  that  the  well-aligned  spots  come  from  single¬ 
crystalline  Ti02  nanorod,  and  the  diffraction  rings  originates  from 
the  polycrystalline  of  CdS  and  CdSe.  Fig.  5c  shows  an  HR-TEM  image 
of  the  CdSe/CdS/Ti02  flower-rod  unit.  The  clear  lattice  fringes 
indicated  high  crystallinity  of  Ti02,  CdS  and  CdSe.  The  lattice 
spacing  measured  for  the  crystalline  plane  is  0.322  nm,  corre¬ 
sponding  to  the  (110)  plane  of  rutile  TiC>2  (JCPDS  no.  21-1276). 
Among  the  crystal  planes  of  rutile  Ti02,  the  (110)  plane  possesses 
the  lowest  surface  energy  [42  .  According  to  the  crystal  growth 


theory,  the  planes  with  lower  surface  energies  generally  grow 
slowly  and  tend  to  survive  during  the  growth  ;43  .  Therefore,  the 
(110)  plane  of  the  rutile  Ti02  can  be  obviously  observed  in  the  HR- 
TEM  photographs.  By  carefully  measuring  the  lattice  parameters 
and  comparing  with  the  data  in  JCPD,  the  crystallites  with  lattice 
fringe  of  0.336  nm  connecting  to  Ti02  can  be  ascribed  to  the  (111) 
plane  of  CdS  (JCPDS  no.  10-0454),  and  outer  crystallites  close  to  the 
CdS  layer  with  lattice  spacing  of  0.328  nm  corresponds  to  the  (101) 
plane  of  CdSe  (JCPDS  no.  08-0459).  These  results  provide  powerful 
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Fig.  5.  (a)  TEM  image  of  CdSe/CdS/Ti02  flower-rod  unit;  (b)  SAED  pattern  of  CdSe/CdS/Ti02  flower-rod;  (c)  HR-TEM  image  of  CdSe/CdS/Ti02  flower-rod  unit. 


evidence  for  successful  coating  of  CdS  and  CdSe  QDs  on  the  surface 
of  Ti02  flower-rod  and  the  formation  of  CdSe/CdS/Ti02  cascade 
structure. 

3.3.  Optical  properties  of  QD-sensitized  Ti02  flower-rod  electrodes 

Light  absorption  properties  of  the  bare  Ti02  flower-rod  and  QD- 
sensitized  Ti02  flower-rod  electrodes  are  evaluated  using  the 
UV-vis  spectrometer.  As  shown  in  Fig.  6,  the  absorption  edge  of 
bare  Ti02  flower-rod  electrode  (spectrum  a,  Fig.  6)  occurs  at  around 
410  nm  and  the  main  light  absorption  centered  on  ultraviolet  light 
region,  this  can  be  ascribed  to  the  wide  band  gap  of  rutile  Ti02 
(3.0  eV)  [44].  Compared  with  the  absorption  spectra  of  the  bare 
Ti02  flower-rod  film,  the  absorption  edges  of  the  CdS/Ti02  flower- 
rod  and  CdSe/Ti02  flower-rod  electrodes  were  enlarged  to 
530  nm  (spectrum  b,  Fig.  6)  and  650  nm  (spectrum  c,  Fig.  6),  cor¬ 
responding  to  the  calculated  band  gaps  of  2.34  eV  and  1.91  eV  for 
CdS  and  CdSe,  respectively.  The  calculated  band  gaps  are  higher 
than  the  values  of  bulk  CdS  (2.25  eV)  and  CdSe  (1.70  eV),  indicating 
that  the  sizes  of  CdS  and  CdSe  deposited  on  the  TiC>2  flower-rod  film 
are  within  the  scale  of  QDs.  According  to  the  empirical  equations 
given  by  Yu  et  al.  [45],  the  mean  diameters  of  CdS  and  CdSe  QDs 
were  estimated  to  be  9.376  and  7.761  nm,  respectively.  In  addition, 
the  absorption  intensity  in  visible  light  region  increased  after  the 
deposition  of  CdS  or  CdSe  on  the  Ti02  flower-rod  film. 


For  the  CdSe/CdS  co-sensitized  TiC>2  flower-rod  electrode 
(spectrum  d,  Fig.  6),  a  slight  red-shift  of  the  absorption  edge  can  be 
observed  compared  with  the  absorption  spectrum  of  CdSe/Ti02 
flower-rod  electrode,  and  the  absorbance  is  higher  than  that  of  CdS/ 


Fig.  6.  Diffuse  reflectance  absorption  spectra  of  bare  Ti02  flower-rod  film  and  the  Ti02 
flower-rod  films  sensitized  with  CdS,  CdSe  and  CdSe/CdS  QDs. 
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Ti02  flower-rod  and  CdSe/Ti02  flower-rod  electrodes.  In  the  short 
wavelength  region  (A  <  500  nm)  where  both  CdS  and  CdSe  are 
photoactive,  the  increase  of  absorbance  can  be  attributed  to  co¬ 
absorption  of  both  CdS  and  CdSe  to  the  light.  In  the  long  wave¬ 
length  region  (500-700  nm),  the  higher  absorbance  of  CdSe/CdS/ 
Ti02  flower-rod  implies  that  more  CdSe  QDs  were  deposited  on  the 
co-sensitized  electrode.  This  result  also  indicates  that  the  deposi¬ 
tion  rate  of  CdSe  on  a  CdS  sensitized  Ti02  film  is  faster  than  on  a 
bare  TiC>2  film  46  .  Therefore,  the  co-sensitization  effect  of  CdS  and 
CdSe  can  be  observed  by  extension  of  the  absorption  range  and  the 
increase  of  absorbance. 

3.4.  Photoelectrochemical  characterization 

The  incident  photon  to  current  conversion  efficiency  (IPCE) 
spectra  of  single  CdS,  CdSe  sensitized,  and  CdSe/CdS  co-sensitized 
solar  cells  are  presented  in  Fig.  7.  The  light  response  revealed  by 
the  IPCE  spectra  of  CdS/Ti02  flower-rod,  CdSe/Ti02  flower-rod,  and 
CdSe/CdS/Ti02  flower-rod  solar  cells  exhibit  similar  trends  to  their 
corresponding  UV-vis  spectra  in  Fig.  6.  The  maximum  IPCE  values 
obtained  from  CdS/Ti02  flower-rod  and  CdSe/Ti02  flower-rod  solar 
cells  are  around  35%  and  20%,  respectively.  Furthermore,  the 
maximum  IPCE  value  is  improved  to  48%  with  the  CdSe/CdS/Ti02 
flower-rod  solar  cell,  which  is  ascribed  to  the  joint  contribution 
from  CdS  and  CdSe  QDs  in  the  light  harvest.  According  to  Ref.  47], 
IPCE  is  determined  by  three  factors: 

IPCE  =  LHE •  ?7inj  •  rjcc  (5) 

where  LHE  is  the  light  harvesting  efficiency,  ?7inj  is  the  charge  in¬ 
jection  efficiency,  and  ^cc  is  the  charge  collection  efficiency.  For  the 
CdSe/CdS/Ti02  flower-rod  solar  cell,  the  light  response  region  is 
enlarged  compared  with  that  of  single  CdS  or  CdSe  sensitized  solar 
cell  based  on  Ti02  flower-rod,  resulting  in  the  enhancement  of  the 
light  harvesting  efficiency  (LHE).  In  addition,  the  introduction  of  a 
CdS  layer  between  Ti02  and  CdSe  can  elevate  the  conduction  band 
edge  of  CdSe,  giving  a  higher  driving  force  for  the  injection  of 
excited  electrons  of  CdSe  layer  [46],  causing  an  increment  of  the 
charge  injection  efficiency  (rj inj).  Moreover,  the  insertion  of  CdS 
layer  can  also  trigger  the  redistribution  of  the  electrons  between 
CdS  and  CdSe  to  form  a  stepwise  conduction  band  edges  in  the 
order  of  Ti02  <  CdS  <  CdSe,  which  is  helpful  to  the  collection  of 


Fig.  7.  IPCE  spectra  of  single  CdS,  CdSe  sensitized,  and  CdSe/CdS  co-sensitized  Ti02 
flower-rod  solar  cells. 


photoexcited  electrons  from  CdSe  to  inject  intoTi02  [48],  leading  to 
an  increased  collection  efficiency  (^c c)-  Therefore,  a  significantly 
enhanced  IPCE  is  obtained  with  CdSe/CdS/Ti02  flower-rod  solar  cell 
compared  with  that  of  CdS/Ti02  flower-rod  and  CdSe/Ti02  flower- 
rod  solar  cells. 

The  photocurrent  density-voltage  (J-V )  curves  of  QDSSCs 
assembled  with  different  photoanodes  were  measured  by  Oriel  I—V 
test  station  under  one  sun  condition  (AM  1.5  G,  100  mW  cm-2)  with 
the  active  area  of  0.16  cm2.  Fig.  8a  displays  the  J-V  characteristics  of 
Ti02  flower-rod  solar  cells  sensitized  by  different  CBD  cycles  of  CdS 
QDs.  It  is  found  that  both  the  short-circuit  current  density  (Jsc )  and 
open-circuit  voltage  (\/oc)  increased  gradually  with  the  increase  of 
the  CdS  QDs  cycles  at  initial  stage  (from  5  cycles  to  9  cycles),  then 
further  increase  of  CBD  cycles  of  CdS  QDs  (from  9  cycles  to  11  cy¬ 
cles)  leads  to  the  reduction  of  the  Jsc  and  \70C.  The  variation  trend  of 
Jsc  and  \70C  as  a  function  of  CdS  QDs  cycles  are  shown  in  Fig.  8b  and  c, 
it  can  be  observed  that  9  cycles  of  CdS  QDs  on  Ti02  flower-rod  make 
the  solar  cell  exhibit  the  best  photovoltaic  performance.  Based  on 
this  optimal  cycles  of  CdS  QDs,  different  CBD  cycles  of  CdSe  QDs 
decorated  CdS(9)/Ti02  flower-rod  are  investigated  to  seek  the  in¬ 
fluence  of  CdSe  layers  on  the  performance  of  the  co-sensitized  solar 
cells.  Fig.  8d  shows  the  variation  of  J-V  curves  with  the  increase  of 
CdSe  QDs  cycles  on  CdS(9)/TiC>2  flower-rod  solar  cells.  Significant 
improvement  of  Jsc  is  observed  as  the  CdSe  cycles  increase  from  2  to 
6.  Appropriate  increase  of  CBD  cycles  can  enlarge  the  loading 
amount  of  CdSe  QDs,  which  results  in  more  light  absorption  to 
generate  photoexcited  electrons.  A  slight  enhancement  of  \70C  also 
occurs  with  the  increase  of  CdSe  QDs  cycles,  which  can  be 
explained  according  to  the  following  equation  discussed  in 
Refs.  [49,50]. 

W  =  £pn  ~Jred0X  =  (n/no)  (6) 

where  Epn  is  the  quasi-Fermi  level  of  the  electrons  in  semiconductor 
photoanode  under  illumination;  Eredox  is  the  potential  of  redox 
electrolyte;  e  is  the  positive  elementary  charge;  1<bT  is  the  thermal 
energy;  n  is  the  electron  concentration  in  conduction  band  of  the 
semiconductor  photoanode  under  illumination;  no  is  the  electron 
concentration  in  the  dark  condition.  When  the  CdSe  QDs  cycles 
increase  from  2  to  6  cycles,  more  electrons  would  be  injected  into 
the  conduction  band  of  Ti02  under  illumination  and  the  value  of  n  is 
increased,  leading  to  more  negative  shift  of  the  Epn.  while  the  Ere dox 
remains  unchangeable,  causing  the  improvement  of  \Z0C.  However, 
both  Jsc  and  Uoc  are  found  to  decrease  when  the  CBD  cycles  of  CdSe 
QDs  are  further  increased.  This  phenomenon  can  be  explained  in 
three  ways:  Firstly,  the  excessive  CBD  deposition  cycles  would 
cause  the  aggregation  of  CdSe  QDs  and  form  excessive  grain 
boundaries  between  CdSe  nanoparticles.  These  grain  boundaries 
can  act  as  potential  barrier  for  charge  transfer  to  enhance  the 
possibilities  of  the  recombination  between  electrons  and  holes, 
leading  to  a  decrease  in  the  overall  efficiency.  Secondly,  the 
excessive  CBD  cycles  can  lead  to  the  growth  of  CdSe  QDs,  resulting 
in  the  poor  charge  injection  efficiency  caused  by  the  reduced  size 
quantization  of  the  large  QDs  [51  ,  moreover,  the  oversized  CdSe 
particles  will  lose  the  dominance  as  QDs  (large  extinction  co¬ 
efficients  and  generating  multiple  electron-hole  pairs).  Finally,  the 
excessive  CBD  cycles  may  hinder  the  diffusion  of  the  electrolyte  due 
to  the  local  block  caused  by  aggregation  of  CdSe  QDs,  which  limit 
the  efficiency  of  charge  separation  and  charge  extraction.  The 
evolution  of  power  conversion  efficiency  ( r\ )  with  CBD  cycles  of 
CdSe  QDs  is  shown  in  Fig.  8e.  It  is  found  that  the  value  of  ri  increased 
first  (from  2  to  6  cycles),  and  then  decreased  (from  6  to  8  cycles), 
and  the  maximum  value  of  ri  is  obtained  with  CdSe(6)/CdS(9)/Ti02 
flower-rod  combination. 
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Fig.  8.  (a)  Photocurrent  density-voltage  (J—V)  characteristics  of  different  CBD  cycles  of  CdS  QDs  sensitized  Ti02  flower-rod  solar  cells;  (b)  and  (c)  variation  of  the  current  density  and 
voltage  as  a  function  of  CBD  cycles  of  CdS  QDs,  respectively,  (d)  J—V  curves  of  different  CBD  cycles  of  CdSe  QDs  on  CdS(9)/Ti02  flower-rod  solar  cells;  and  (e)  variation  of  the  power 
conversion  efficiency  as  a  function  of  CBD  cycles  of  CdSe  QDs. 


In  order  to  demonstrate  that  the  unique  Ti02  flower-rod  struc¬ 
ture  has  important  effect  for  improvement  of  J—V  performance  in 
CdSe/CdS  QDSSCs,  we  also  compare  the  J—V  behaviors  of  the  CdSe/ 
CdS  QDSSCs  based  on  Ti02  nanorod  and  TiC>2  flower-rod  structure 
sensitized  with  the  same  cycles  of  CdSe/CdS,  which  is  shown  in  the 
Supplementary  information  (Fig.  S5).  In  contrast  with  CdSe/CdS/ 
Ti02  nanorod  solar  cell,  both  the  Jsc  and  Voc  of  CdSe/CdS/Ti02 
flower-rod  solar  cell  are  increased  (from  10.72  mA  cm-2  to 
13.46  mA  cm-2;  from  0.38  V  to  0.42  V,  respectively),  resulting  in  the 
enhancement  of  power  conversion  efficiency  from  1.63%  to  2.31%, 
showing  that  the  TiC>2  flower-rod  structure  is  advantageous  over 
the  Ti02  nanorod  structure.  The  augment  of  J—V  performance  of  the 
CdSe/CdS/TiC>2  flower-rod  solar  cell  can  be  ascribed  to  the  enlarged 
surface  for  more  adsorption  of  QDs  provided  by  the  formation  of 
flower-rod  structure. 

Fig.  9  compares  the  J—V  curves  of  the  single  CdS,  CdSe  sensitized, 
and  CdSe/CdS  co-sensitized  Ti02  flower-rod  solar  cells  at  their 
optimal  CBD  cycles  that  illuminated  in  front-side,  and  the  J—V  curve 
of  CdSe(6)/CdS(9)/Ti02  flower-rod  solar  cell  illuminated  in  back¬ 
side  is  also  included.  The  corresponding  photovoltaic  perfor¬ 
mance  parameters  of  these  solar  cells  including  short-circuit  cur¬ 
rent  density  (Jsc),  open-circuit  voltage  (Voc),  fill  factor  (FF),  and 
power  conversion  efficiency  (77)  are  listed  in  able  1.  The  photo¬ 
voltaic  performance  of  CdSe/CdS  co-sensitized  Ti02  flower-rod 


Fig.  9.  Photocurrent  density-voltage  (J—V)  curves  of  QDSSCs  assembled  with  CdSe/ 
Ti02  flower-rod,  CdS/Ti02  flower-rod,  CdSe/CdS/Ti02  flower-rod  (back-side  illumi¬ 
nated),  and  CdSe/CdS/Ti02  flower-rod  (front-side  illuminated)  electrodes  measured 
under  AM  1.5  G  condition.  The  insets  are  the  digital  photographs  of  the  corresponding 
electrodes. 
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Table  1 

Photovoltaic  parameters  of  QDSSCs  based  on  Ti02  flower-rod  solar  cells. 


Electrode  (CdSe/CdS) 

Jsc  (mA  cm  2) 

^oc  (V) 

FF 

7](%) 

6c/0c 

5.48 

0.35 

0.38 

0.73 

0c/9c 

7.50 

0.38 

0.38 

1.08 

6c/9c  (back-side) 

10.79 

0.40 

0.40 

1.73 

6c/9c  (front-side) 

13.46 

0.42 

0.41 

2.31 

solar  cell  is  superior  to  single  CdS  or  CdSe  sensitized  Ti02  flower- 
rod  solar  cells,  which  can  be  ascribed  to  the  complementary  ef¬ 
fect  of  these  two  kinds  of  QDs  in  the  extension  of  light  absorption 
range  and  charge  injection  from  QDs  toTi02.  The  power  conversion 
efficiency  of  CdSe/CdS/Ti02  flower-rod  front-side  illuminated  solar 
cell  can  reach  to  2.31%,  which  is  216.44%  higher  than  that  of  CdSe/ 
TiCQ  flower-rod  solar  cell,  and  113.89%  higher  than  that  of  CdS/Ti02 
flower-rod  solar  cell.  Furthermore,  the  HO2  flower-rod  photoanode 
and  Pt  counter  electrode  that  assembled  the  QDSSCs  are  both 
prepared  on  FTO  glass,  which  means  that  the  assembled  solar  cell 
can  be  illuminated  from  the  side  of  Ti02  photoanode  (front-side)  or 
Pt  counter  electrode  (back-side).  We  consider  that  front-side  illu¬ 
mination  can  make  full  use  of  light  due  to  more  incident  light  can 
pass  through  the  sensitized  Ti02  electrode  to  induce  more  photo¬ 
electrons  from  sensitizers,  which  is  helpful  to  improve  the  perfor¬ 
mance  of  solar  cells,  while  the  back-side  illumination  solar  cells 
may  result  in  relatively  low  efficiency  due  to  the  bad  use  of  light. 
With  this  consideration,  the  comparison  of  QDSSCs  with  front-side 
and  back-side  illumination  is  also  provided  in  Fig.  9.  The  power 
conversion  efficiency  of  1.73%  is  obtained  with  CdSe(6)/CdS(9)/Ti02 
flower-rod  solar  cell  under  back-side  illumination,  which  only  ap¬ 
proaches  75%  that  of  front-side  illumination  (2.31%).  This  reduced 
power  conversion  efficiency  mainly  results  from  the  undesirable 
light  absorption  of  the  electrolyte  and  unwanted  reflection  of  light 
by  the  Pt  counter  electrode.  The  relative  higher  power  conversion 
efficiency  obtained  with  CdSe(6)/CdS(9)/Ti02  flower-rod  solar  cell 
under  front-side  illumination  indicates  that  a  more  efficient  use  of 
light  will  contribute  to  the  improvement  of  photovoltaic  perfor¬ 
mance  of  QDSSCs,  and  the  potential  value  of  this  TiCQ  flower-rod 
film  on  transparent  FTO  glass  as  front-side  illuminated  photo¬ 
anode  in  designing  high  efficiency  of  QDSSCs. 

Several  reasons  may  be  responsible  for  the  enhanced  photo¬ 
voltaic  performance  of  CdSe/CdS/Ti02  flower-rod  front-side  illu¬ 
minated  solar  cell.  First,  hierarchical  Ti02  flower-rod  architectures 
not  only  retain  the  advantages  of  efficient  charge  separation  and 


transport  properties  provided  by  ID  nanorods,  but  also  increase  the 
deposition  of  QDs  with  the  enlarged  surface  area  provided  by  3D 
Ti02  flower  on  the  top  of  ID  nanorod  arrays,  which  increase  the 
absorption  of  light.  In  addition,  another  function  of  3D  flower  is  that 
it  can  be  used  as  a  scattering  layer  to  enhance  the  utilization  of 
light.  The  effect  of  the  hierarchical  Ti02  flower-rod  on  light  ab¬ 
sorption  is  depicted  in  Fig.  10a.  It  can  be  seen  that  this  hierarchical 
architecture  can  lead  to  more  deposition  of  QDs  and  reflect  the 
incident  light  which  pass  through  the  gaps  among  nanorods, 
resulting  in  the  improvement  of  the  light  harvesting  efficiency. 
Second,  a  cascade  structure  is  formed  as  the  sequential  deposition 
of  CdS  and  CdSe  onto  the  Ti02  flower-rod  film,  which  would  result 
in  the  Fermi  level  alignment  caused  by  the  electrons  flow  from  high 
energy  level  of  CdS  to  low  energy  level  of  CdSe.  This  Fermi  level 
alignment  would  force  the  band  edge  of  CdS  downward  shift  and 
the  band  edge  of  CdSe  upward  shift,  forming  a  stepwise  band  edges 
in  the  order  of  Ti02  <  CdS  <  CdSe  [46],  which  is  shown  in  Fig.  10b. 
An  efficient  charge  transfer  channel  would  be  provided  by  the 
stepwise  band  edge  structure,  which  is  advantageous  to  the  elec¬ 
tron  injection  and  hole-recovery  of  CdS  and  CdSe.  Moreover,  CdSe 
outer  layer  of  the  stepwise  structure  can  act  as  the  energy  barrier  at 
the  interface  between  the  CdS  and  the  electrolyte  to  prevent  the 
electrons  transport  back  to  the  electrolyte,  and  the  heterojunction 
formed  between  TiCQ  and  CdS  is  helpful  to  collect  excited  electrons 
from  CdSe  to  inject  into  Ti02,  leading  to  the  improvement  of  power 
conversion  efficiency.  Third,  compared  with  single  QD-sensitized 
Ti02  flower-rod  electrodes,  the  CdSe/CdS  co-sensitized  Ti02 
flower-rod  electrode  exhibits  broader  absorption  range  and  higher 
absorbance,  which  greatly  raised  the  utilization  of  the  solar  energy. 

The  stability  of  CdSe(6)/CdS(9)/Ti02  flower-rod  front-side  illu¬ 
minated  solar  cell  has  been  monitored  at  different  time  intervals, 
and  the  results  are  shown  in  Fig.  11.  About  15%  degradation  of  ri  is 
observed  after  120  h.  Two  possible  reasons  may  be  responsible  for 
the  decrease  of  ri ,  one  is  the  photoanodic  corrosion  [37  ,  and  the 
other  is  the  poisoning  effects  [52]  induced  by  the  adsorption  of 
sulfide  ions  in  polysulfide  electrolyte  on  the  surface  of  Pt  counter 
electrode.  Several  studies  indicate  that  introduce  a  ZnS  passivation 
layer  onto  the  surface  of  the  QDs  sensitizer  can  protect  QDs  mate¬ 
rials  from  photocorrosion  and  improve  the  cell  efficiency  and  sta¬ 
bility  [53].  In  addition,  it  is  reported  that  copper  sulfide  (Q12S  and 
CuS)  counter  electrode  exhibits  high  stability,  low  resistance,  and 
high  catalytic  activity  in  QDSSCs  using  polysulfide  electrolyte  as 
redox  couple  [54  .  Therefore,  further  improvement  of  photovoltaic 
performance  in  QDSSCs  is  possible  by  developing  appropriate 
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Fig.  10.  (a)  Schematic  diagram  of  the  light  capture  of  Ti02  flower-rod  structure;  (b)  Stepwise  band  edge  structure  of  CdSe/CdS/Ti02  electrode  after  redistribution  of  electrons 
between  CdS  and  CdSe  (defined  as  Fermi  level  alignment  for  bulk  materials)  for  efficient  transport  of  the  excited  electrons  and  holes. 
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Fig.  11.  Variation  of  the  power  conversion  efficiency  of  CdSe(6)/CdS(9)/Ti02  flower-rod 
front-side  illuminated  solar  cell  as  a  function  of  time. 

passivation  layer  and  new  counter  electrode  materials  with  good 
electrocatalytic  activity  for  the  reduction  of  polysulfide  electrolyte, 
which  will  be  the  focus  of  our  continuous  research  work. 

4.  Conclusion 

In  summary,  the  hierarchical  double-layered  Ti02  flower-rod 
film  directly  grown  on  FTO  glass  has  been  successfully  synthe¬ 
sized  by  a  facile  hydrothermal  method.  The  possible  formation 
mechanism  of  this  hierarchical  architecture  is  also  proposed  based 
on  random  aggregation  of  regrowth  nanorods.  The  hierarchical 
double-layered  Ti02  flower-rod  film  as  substrate  has  been  applied 
in  CdSe/CdS  co-sensitized  solar  cells.  The  effects  of  CdS  and  CdSe 
CBD  cycles  on  the  performance  of  QDSSCs  have  been  systematically 
investigated  and  the  optimal  combination  is  found  to  be  CdSe(6 )/ 
CdS(9).  The  CdSe/CdS/Ti02  flower-rod  solar  cell  shows  broadened 
absorption  range  in  visible  light,  increased  absorbance  and 
remarkable  enhanced  photovoltaic  performance  compared  with 
single  CdS  or  CdSe  sensitized  Ti02  flower-rod  solar  cells.  The  power 
conversion  efficiency  of  CdSe(6)/CdS(9)/Ti02  flower-rod  solar  cell 
can  reach  to  2.31%  under  one  sun  illumination  (AM  1.5  G, 
100  mW  cm-2),  which  is  significantly  higher  than  that  of  CdSe/CdS/ 
Ti02  nanorod  solar  cell,  showing  that  the  unique  double-layered 
Ti02  flower-rod  structure  is  advantageous  over  the  single-layered 
Ti02  nanorod  structure  in  QDSSCs. 
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